Throughout this paper, protochlorophyll (Pchl) will be used to designate the epiphasic pigment on petroleum ether-alkaline acetone partition, assumed to be an esterified form of Mg vinylpheoporphyrin a5 which moves on chromatography in a similar manner to chlorophyll a (Chl). Protochlorophyllide (Pchlide) designates the hypophasic pigment assumed to be unesterified at the propionic acid residue of ring IV, which moves in a similar manner to Pchlide extracted from etiolated barley leaves.
Pchl(ide) will be used when the exact nature of the protopigment has not been determined or when a mixture of the two species is present. Chlide designates chlorophyllide a.
It has recently been demonstrated that both Pchl and Pchlide are present in dark-grown cells of Euglena and that both protopigments are transformed to Chl-like pigments upon illumination (9, 10) . Klein and Schiff (19) investigated proplastid development in 2-to 9-day-old etiolated bean leaves and observed that (a) the 3-day-old bean proplastids are about the same size as 'This research was supported by Grant GM14595 from the National Institutes of Health. those of Euglena, (b) both contain similar amounts of protopigments; (c) when prolamellar bodies are present, they are noncrystalline; (d) both show a predominant Pchl(ide) absorption peak in vivo at about 635 nm; (e) upon illumination, Chl(ide) absorbing at 672 nm is formed directly, without an intervening Shibata shift.
Because of the marked similarities between plastid precursors in young dark-grown bean leaves and those of Euglena, we undertook a study of the forms of protopigments present and their phototransformation at various stages in the devef7opment of etiolated bean seedlings, particularly at times preceeding 7 to 9 days, the material commonly employed in such studies. In the usual material, Pchlide is the predominant protopigment which is phototransformed to Chlide a and then finally esterified to yield Chl a. Pchl photoconversion is extremely low and is not regarded as a significant route of Chl formation (8, 12, 16, 31, 32, 35, 37, 39) . In this work we show that Pchl conversion in young etiolated bean seedlings represents a highly significant fraction of the convertible protopigments, and results in the direct formation of Chl. A brief abstract of this work has appeared (22) .
MATERIALS AND METHODS
Seeds of Phaseolus vulgaris L. var. Red Kidney were germinated in wet vermiculite at 26 C in total darkness. The vermiculite was kept wet at all times by uniformly watering the trays, each containing 200 beans, with 1 liter of water each day. After time periods ranging from 2 to 17 days, a specified number of seeds, depending on the age, were removed, washed with water, and the cotyledons separated to expose the primary leaf pair. All manipulations were performed under dim green safelights (27) or in complete darkness. Roughly 1000 leaf pairs were required for each analysis of 3-day-old material. The number of leaf pairs required could be reduced to 35 at 5 days, 20 at 9 days, 15 at 13 days, and 10 by the 17th day.
The methods for pigment extraction were modified from Shlyk (31) . Before pigment extraction, the leaves were either (a) frozen in approximately 25 ml of liquid N2, (b) steamed for 10 min, or (c) extracted directly. All solvents used were reagent grade (Fisher).
For experiments in which the leaves were heated, the specified number of leaf pairs were harvested, weighed, placed in a tight mesh wire basket, and steamed for 10 min. The leaves were then ground in a chilled mortar containing a small amount of MgCO3 and 50 ml of cold 80% (v/v) acetone. All procedures up to this point were carried out under dim green safelights. After the initial extraction of the leaves, all manipulations were done at room temperature, under dim laboratory lighting (less than 5 ft c). The homogenates were centrifuged in a Clay-Adams table top centrifuge at top speed for 5 min. Extraction was repeated three more times, and the combined supernatants were quantitatively transferred to a 500-ml separatory funnel. Extraction was complete since the pellets, when scanned in a Biospect spectro- 14 recording spectrophotometer. The hypophase was always viewed under a low intensity, long wavelength UV lamp (GE F1ST8-BLB) to ensure complete extraction of pigments as evidenced by the absence of red fluorescence. After spectrophotometry, the sample was again taken to dryness (under a stream of N2 gas), and was resuspended in 100 ml of cold acetone:0.1 M NH4OH (9:1, v/v).
This solution was then transferred to a separatory funnel and extracted three times with 30-ml portions of cold, mid-range petroleum ether (boiling range 30-50 C). The petroleum ether fractions were combined, placed in a separatory funnel, and washed with 50 ml of cold distilled H20 (which was then added back to the acetone-NH40H hypophase). Each fraction (epiphase and hypophase), after complete separation, was then treated separately.
The petroleum ether fraction was evaporated to dryness in vacuo and the residue was resuspended in 1.5 to 5 ml of anhydrous diethyl ether. This constituted the "epiphase" or "petroleum ether fraction."
The pH of the aqueous layer was adjusted to 5.5 with a saturated solution of NaH2PO4 and was then extracted three times with 30-ml portions of anhydrous diethyl ether. The total ether extract was then washed with 25 to 30 ml of cold distilled H20. For spectrophotometric analysis, the ether phase was reduced to dryness as above and then resuspended in approximately 5 ml of diethyl ether ("hypophase" fraction). Pigment concentrations in both fractions were determined from the Cary absorption spectra using the equations of Koski (21) , and converted to moles as suggested by Boardman (6) and Sestak (30) .
When the sum of the Pchl and Pchlide fractions was compared to the initial total protopigment concentration obtained prior to the aqueous acetone-petroleum ether partition, it was observed that recovery was always at least 85 to 90% in all experiments.
Chromatographic analysis was performed in all experiments to further verify the identification of the pigments. The samples were spotted from diethyl ether onto cellulose MN 300 TLC plates and developed with methyl alcohol-methylene chloridewater (100:18:20, v/v/v) in darkness (29) . In some cases, Chl a from spinach (Sigma Chemical Co.) was used as a standard for comparison of RF values. When development was complete, the plates were dried under a stream of N2 and then examined under long wavelength UV light to detect the red-fluorescing areas.
For experiments in which the leaves were extracted directly, the specified number of leaf pairs were harvested, weighed, and extracted as for the heated material. For experiments in which the, leaves were frozen in liquid N2, the specified number of leaf pairs were harvested, weighed, and dumped into a chilled mortar containing 25 to 30 ml of liquid N2. Once the material was frozen and the major portion of the liquid N2 had evaporated, the leaves were extracted as before, except that the solvent used was cold acetone:0.1 M NH40H (9:1, v/v), all steps were performed in a 4 C room, and the combined extracts were immediately subjected to petroleum ether partitioning in the cold. From this point on, all manipulations were done as before. (Fig. 1) . It Correlated with these changes is the decrease in cotyledonary dry weight (Fig. 3) as might be expected if seed storage materials are being used for the formation of leaf constituents, including Pchl and Pchlide. The ratio of Pchl to Pchlide decreases with age, reflecting the differential rates of synthesis of the two pigments noted in Figure 2 .
Under conditions where enzymic modifications are prevented by heating and/or cold extraction, it can be seen (Fig. 4) Figure 4 shows that this is so since the mole percent of the Pchl(ide) pool represented by Pchl and Pchlide are comparable in the dark-grown leaves at early stages of development, as are the mole percents of the Chl(ide) pool represented by Chi and Chlide after phototransformation. At later development stages, when Pchlide predominates in the dark, Chlide predominates after phototransformation. Pchl and Pchlide are a constant fraction of the Pchl(ide) pool after phototransformation with respect to the age of the leaves, and constitute the nontransformable Pchl(ide). Thus, Pchl and Pchlide appear to be equally photoconvertible to their respective Chl(ide)s throughout development, reflected in the strong correlation of the Pchl/Pchlide ratio in dark-grown leaves with the Chl/Chlide ratio after transformation throughout development, (Fig. 5) . The predominance of the transformation of Pchlide to Chlide is well documented in studies with the older leaf material usually employed (8, 12, 16, 31, 32, 35, 37, 39) . Reports do exist, however, of phototransformation of Pchl as well, usually in small amounts compared with the transformation of Pchlide (13, 16, 26, 32, 39) . Pchl photoreduction has also been reported in roots (5) and in etiolated cucumber cotyledons (25) , tissues which might be expected to have juvenile forms of protopigments predominating. If Pchl is the juvenile, and Pchlide the more mature intermediate in Chl(ide) formation in etiolated leaves, one may inquire into the situation in fully green leaves. Pchlide to Chlide phototransformation is the principal biosynthetic route of Chl formation in mature green leaves (summarized in 6, 18, 31). It would be interesting to determine whether Pchl, Pchlide, or both, are continuously phototransformed in younger leaves during greening.
As the leaves are incubated in the dark after phototransformation, the proportion of the Chl(ide) pool found in the petroleum ether epiphase increases with time (Fig. 6) if the unesterified Chlide was being esterified to form Chl. The rate of esterification is faster in the 3-day-old than in the 7-dayold tissue, and the 3-day-old material does not display a lag characteristic of the 7-day-old leaves. These results are in agreement with the findings of others in studies of 5-to 12-day-old etiolated bean leaves (2, 7, 39) . (17) . CONCLUSIONS Our work on the development of bean leaves in the dark was prompted by certain discrepancies between the properties of the Chl-forming system and its structure in Euglena and in higher plant material represented by the well studied older etiolated leaves of beans. Earlier work (19) indicated that these discrepancies existed only for the older bean leaves; young bean leaves in the dark resembled dark-grown Euglena cells very closely (11, 19, 20, 24, 28) . The results in this paper confirm and extend these observations and comparisons. Table I compares all of the properties of young and old bean leaves and Euglena cells that we have been able to measure.
The properties of young bean leaves are similar to those of Euglena cells, whereas those of 7-day-old leaves are very much different. It has been known for some time, and confirmed in our own work, that the simpler proplastids of Euglena and of young leaves are capable of light-induced Chl formation and normal plastid development (1, 4, 14, 15, 33, 34, 36 
